In an effort to promote the availability of safe and effective drugs, the US Food and Drug Administration is developing spectroscopic methods to assess the quality of drugs in the field. Here we report a rapid screening classification method for Tamiflu (oseltamivir phosphate) capsules using a portable Raman spectrometer to perform screening on three solid oral dosage strengths of Tamiflu, 30 mg, 45 mg and 75 mg. Tamiflu is an antiviral drug that is stockpiled for use in the event of pandemic influenza outbreak. The qualitative classification methods reported were developed using the Raman spectra of intact capsules. The classification algorithms used were able to reliably distinguish the three dosage strengths of Tamiflu. These qualitative models are validated with additional Tamiflu samples from different batches and simulated counterfeits of Tamiflu. The probability that a test sample belongs to each dosage strength class is calculated, and strict class predictions are used to assign each sample to a particular class. The classification methods reported here enable development of user-independent, field-deployable methods for finished drug products and are able to correctly assign 92% of the validation samples using authentic Tamiflu and 100% of the simulated counterfeits.
Introduction
Antivirals are considered priority medicines since they play an important role in controlling pandemic outbreaks and are stockpiled by governments across the world [1] . The development of rapid screening tools to assure that stockpiled medicines are authentic is important in light of recent reports of infiltration of counterfeits in the antibiotic and antiviral supply chain [2] . Unlike vaccines that require yearly updating to match the expected strain of seasonal influenza, antiviral drugs-particularly solid oral dosage forms-can be stockpiled by governments for use in the event of an outbreak years in advance. Of the antiviral drugs available to combat influenza, Tamiflu is the most common. As of 2009, Tamiflu comprised 40 million of the 50 million regimens available in the strategic national stockpile [1] . The outbreaks of swine influenza A (H1N1) in 2009 highlighted the importance of emergency preparedness in the event of pandemic influenza. Tamiflu was at the center of the US action plan for treatment and prophylaxis of the swine flu. The US Food and Drug Administration (FDA) issued an emergency use authorization [3] to allow for use in pediatric patients and to streamline distribution of the medication by federal, state and local jurisdictions, including releasing regimens from the federal government's stockpile [4] . Over the past decade [5] , there have been several instances where Tamiflu counterfeits have appeared across the globe. Tamiflu counterfeits have been found to contain antibiotic and analgesics instead of the approved active ingredient, oseltamivir phosphate.
Over the past few years, portable Raman spectrometers have allowed screening of pharmaceutical materials to expand outside the laboratory and into the field [6] . These units give investigators the flexibility of making realtime measurements to screen drug products and are particularly useful when coupled with multivariate methods. Methods, such as principal component analysis (PCA) and soft independent modelling of class analogies (SIMCA), are commonly used to detect counterfeit products [7] . Despite the studies [8] detailing successful implementation of portable Raman instruments to screen tablet-form drug products, the number of studies including capsule-form products is conspicuously lagging. This is likely due to the inherent difficulties in measurement of capsules (primarily colored ones) by Raman. Capsules typically give rise to a strong fluorescence signal, which overwhelms the Raman signal of the internal capsule contents. Fluorescence makes robust method development challenging and has limited analysis of capsule-form products to being performed using high resolution spectrometers or specialized Raman set-ups such as wide angle illumination or transmission Raman [9] , which are not readily deployed in the field. Capsule-form products may be screened by emptying the capsules and analyzing the composites; however, since these methods are designed for field use, procedures requiring little to no sample preparation are preferred. By measuring intact capsules, we are also able to preserve the non-destructive, non-invasive nature of Raman spectroscopy since a major goal of our field program is to preserve the sample in the case further testing may be necessary.
In this paper, we report on the development of Raman screening methods by which the safety and efficacy of priority drugs such as Tamiflu can be evaluated at point of use or in stockpiles. A commercially-available portable Raman spectrometer is used in this proof of concept to develop screening methods for intact capsules of Tamiflu at three common dosage strengths of Tamiflu: 30 mg, 45 mg and 75 mg. Exploratory studies were initially performed using PCA methods to confirm that Raman could be used to distinguish between the different dosages strengths. A SIMCA classification model was then created for each of the three dosage strengths and method validation and robustness testing was performed for both PCA and SIMCA models using different batches of the three dosage strengths and simulated counterfeit samples. The simulated counterfeits included samples of other capsule form drug products-amantadine and acyclovir-and authentic Tamiflu capsules shells which were refilled with different contents. The contents of the re-filled simulated counterfeits were made to challenge the methods by mimicking what might be present in a counterfeit sample and appear to be physically and visually similar to the authentic product.
Materials and Methods
All materials were purchased and used as received. Authentic Tamiflu was obtained as capsules in three dosage strengths: 75 mg (NDC 0004-0800-85), 45 mg (NDC 0004-0801-85), and 30 mg (NDC 0004-0802-85). The calibration set used for method development contained 36 total samples-12 per dosage strength which were four capsules from three different boxes. The validation set consisted of 12 authentic Tamiflu samples-four capsules for each dosage strength, using a different box of Tamiflu (and different batches where available) from those used in the calibration set and the 20 simulated counterfeit samples including authentic Tamiflu capsule shells that had been refilled with different contents and amantadine and acyclovir capsules which are common antiviral drugs and the former is also used to treat influenza. The contents used for re-filling were starch, titanium dioxide, and acetaminophen mixtures. Three empty capsule shells, one for each dosage strength, were also tested as simulated counterfeits.
Raman spectra of drug products were acquired using a portable Raman instrument (B & W Tek MiniRam II portable Raman spectrometer) with 785 nm excitation and ~3 mm defocused spot size, using a custom tablet holder accessory to allow defocusing. The portable Raman instrument features a 180˚ backscattering configuration. This type of configuration is common in commercially-available portable/handheld instruments. The excitation laser spot size is de-focused to accommodate a 3 mm sampling area which serves a dual purpose to decrease the localized laser fluence on the capsule and avoid burning colored capsules and increasing the area on and within the capsule which is analyzed by Raman. In order to make up for lower signal due to the de-focused laser spot, longer accumulation times are needed than would be required for the experiments using the normal nominal spot size of ~180 microns. Total accumulation times for Tamiflu capsules were 35 seconds for the lighter yellow-colored half of 30 mg dosage, 30 seconds for the darker yellow-colored half of 30 mg dosage, 50 seconds for each half of 45 mg dosage and white half of 75 mg dosage, and 40 seconds for yellow half of 75 mg dosage. Total accumulation times varied for the simulated counterfeits from 15 to 50 seconds, using the same integration parameters as for Tamiflu capsules where possible. To build adequate variability in the model, nine spectra of each half of the capsule were acquired, with sample reposition and randomization in the laser spot location on the sample for each spectral acquisition being performed. Randomization is important when analyzing capsule products because the sides of capsules are generally indistinguishable. The resulting 18 spectra per capsule were averaged to yield 1 average spectrum per capsule. This approach was used to build as much variability as possible into the classification method and not make the method dependent on a particular orientation of the capsule. The other drug products had total accumulation times of 50 s for amantadine product and 15 s for acyclovir product (matching signal intensity since detector saturates at the integration times used for Tamiflu). Nine spectra were acquired and averaged for each of these drug products. Three spectra were acquired for pure oseltamivir phosphate, the active pharmaceutical ingredient (API) in Tamiflu, with an integration time of 50 s and averaged.
After spectral acquisition of the calibration set, some capsules for each dosage strength were emptied, refilled to at least half full with pregelatinized starch, inverted three times, and then emptied. This "starch rinse" was performed three times for each capsule. One capsule per dosage was set aside as an "empty capsule" sample. For preparation of simulated counterfeit samples, starch-rinsed capsules were then filled with appropriate materials. Re-filling materials included pregelatinized starch, titanium dioxide (rutile, 99.5%, Alfa Aesar), and three binary mixtures of acetaminophen with pregelatinized starch, titanium dioxide, and talc (Fisher Scientific, laboratory grade powder). Binary mixtures were prepared as ~50/50 mixtures by mass and milled for 10 minutes in powder mill (SPEX Sample Prep, model 5100 mixer/mill). Capsules were refilled such that the final mass of the capsule was similar to authentic Tamiflu samples (within +/− 0.005 g of average mass for calibration set). Due to differences in density across the materials, the capsules were difficult to fill sufficiently to achieve the desired final mass for some mixtures. In these cases the final masses were +/− 0.026 g of average mass for starch/acetaminophen and talc/acetaminophen binary mixtures. The other capsule-form drug products studied contained the active ingredients amantadine (100 mg, gel capsule, NDC 0378-2200-01) and acyclovir (200 mg, capsule, NDC 0527-1704-01). The pure active ingredient of Tamiflu, oseltamivir phosphate, was purchased from TSZ Chem and scanned in 4 mL glass vial.
Method development was performed using PLS Toolbox (Eigenvector Research, Inc. Version 7.9). The spectral region was restricted from 300 to 1850 cm −1 since most Raman features were in this range. Data preprocessing included first derivatization (Savitzky-Golay, second order polynomial, filter width of 31), multiplicative scattering correction (using the mean), and mean-centering. The use of first derivative preprocessing was used to minimize the spectral baseline due to fluorescence of the capsule signatures. Cross validation (venetian blinds, 6 data splits) was used to assist in retaining the appropriate amount of PCs for each model. The spectra were then analyzed separately by PCA and SIMCA. PCA was performed on the entire calibration set, encompassing all three dosages. Three PCs were chosen for the model which was then applied to the validation samples, simulated counterfeits and other drug products. The numbers of PCs chosen for the model were based on careful comparison between the principal component distributions and examination of the root mean squared error of cross validation (RMSECV) trends. In general, the number of PCs retained correspond to a minimum (or near minimum) RMSECV value.
SIMCA analysis was performed by assigning each spectrum in the calibration set to one of the three classes based on the three dosage strengths included in this study. An independent PCA model was created for each dosage strength. Two PCs were chosen each for the 75 and 45 mg dosage strengths and three PCs were chosen for the 30 mg capsules, based on comparison of the PCA distribution and RMSECV values as described above. The validation set and simulated counterfeit samples were then tested against the SIMCA model and a class prediction for each validation sample was made based on the probability of belonging to each of the three classes. Then the SIMCA algorithm compared spectra of validation samples to each class in the model and calculated a probability that the validation sample would be part of each class. The calculation of probability was performed by PLS Toolbox and has been described in detail elsewhere [10] . Briefly, the probability is determined using the "combined" decision rule based on the Q and T 2 outlier statistics for each validation sample compared to Q and T 2 distributions for each class. Each test sample may be assigned to only one class. If a sample was found to have low probability of belonging to any of the classes-or found to have high probability of belonging to multiple classes then no class designation is made.
Results and Discussion
The Raman spectra of the 30 mg, 45 mg, and 75 mg authentic Tamiflu capsules are shown in Figure 1(a) , along with the Raman spectrum of pure oseltamivir phosphate API. The Raman spectrum of the capsules is the average of the Raman spectra for the different possible orientations for each capsule, as described in the preceding section. The Raman spectra of all the authentic capsules have a similar spectral profile that is dominated by fluorescence background. Weak Raman features below 700 cm −1 are present for all capsule spectra and are better resolved for the higher dosage strengths, 45 and 75 mg, as shown in Figure 1(a) . This is in part due to the increasing capsule size and API loading which collectively allow for more reliable analysis when using the defocused 3 mm laser spot. The Raman spectrum of oseltamivir phosphate was acquired through the bottom of a 4 mL glass vial which gives rise to glass fluorescence signal centered around ~1500 cm −1 . Baseline subtraction according to the Lieber, et al. method [11] was applied to the average Raman spectra of the three dosage strengths and oseltamivir phosphate to facilitate comparison of the common Raman features between the oseltamivir phosphate and the capsule-form products, shown in Figure 1(b) . Comparison of the baseline-subtracted data clearly shows that the bands at 870, 1454 and 1653 cm −1 are due to oseltamivir phosphate peaks present in the capsule composite. The three prominent bands, that are present in the capsule spectra but absent in the oseltamivir phosphate spectrum, at ~390, 510, and 630 cm −1 are likely due to titanium dioxide [12] which is an inactive ingredient present in the capsule formulation. The presence of both active and inactive ingredient bands in the capsule spectra reveals that the Raman method using the 3 mm spot size is able to probe the capsule shell to analyze the internal contents of the capsules.
A three component PCA model, shown in Figure 2 , was created for exploratory purposes based on the spectra of 12 capsules from each of the three dosage strengths (36 total spectra). The calibration spectra for each capsule strength were each assigned to a different class according to dosage strength and the validation spectra were all left unassigned. The three dimensional scores plot in Figure 2 shows that the method is able to adequately distinguish between the dosage strengths, as designated by different ellipsoids. Although we noticed that the capsule The scores plot contains the three dosage classes in the calibration set (red, blue, green), as well as the validation samples (black). The 95% confidence limit is designated by an ellipsoid around each dosage class.
shell halves (being different colors, white or yellow) differently attenuate the Raman signal, the spectra shown in Figure 1 containing noticeable contribution from the capsule contents allow for sufficient discriminating characteristics for PCA to successfully differentiate between the three dosages in the calibration set. The validation samples, all authentic Tamiflu capsules in this case and shown as black circles in Figure 2 , mostly align well within the 95% confidence limits for the score distribution for each strength, except for one sample of 30 mg dosage. A closer examination of this lone sample revealed that the Raman spectrum for that sample has lower intensity for API peaks (particularly at 1653 cm −1 ) and overall lower signal-to-noise across the spectrum, which caused it to lie outside the score distribution of its assigned class.
The same three principal component PCA model was used to predict the results for simulated counterfeit samples prepared using the capsule shells of authentic Tamiflu samples. Care was taken to refill the capsules such that the resulting masses were similar to bona fide capsules.
The counterfeit samples appeared to be essentially the same to the unaided eye as the authentic Tamiflu samples, as shown by the empty and starch-refilled counterfeit samples depicted in Figure 3(a), Figure 3(b) . Acetaminophen, the active ingredient in Tylenol, has been reported as a commonly incorporated cheaper substitute present in counterfeits because of its ability to reduce fever and pain, leading the patient to believe that the medicine is producing a therapeutic effect [13] . Acetaminophen and other common, relatively inexpensive inactive ingredients were used to make the simulated counterfeits in this study. The inactive ingredients chosen were meant to be similar to those listed as ingredients in authentic Tamiflu samples [14] . The simulated counterfeits consisted of Tamiflu capsules that have been refilled with starch, titanium dioxide, starch/acetaminophen, titanium dioxide/acetaminophen, and talc/acetaminophen mixtures as well as empty Tamiflu capsules and capsuleform amantadine and acyclovir. A full roster of simulated counterfeits is listed in Table 1 .
When analyzed within the three principal component PCA model containing all three strengths, 19 of the 20 simulated counterfeits were distinguished from authentic Tamiflu samples. Visual representation of the results is shown in Figure 3(c) , which shows that the black circles corresponding to these simulated counterfeit samples are outside of the ellipsoids for the three dosage classes of calibration set. The region of the PCA model around the green ellipsoid for the 45 mg data is expanded in Figure 3(d) , illustrating the locations of the simulated counterfeit samples. Only one simulated counterfeit containing 51%/49% talc/acetaminophen binary mixture was incorrectly predicted to lie within the 95% confidence limit for 45 mg dosage. Following exploratory PCA analysis, we applied the SIMCA classification algorithm to the data to determine the ability of the models to make predictions for both authentic Tamiflu samples from different batches as well as the simulated counterfeits. The SIMCA model was a collection comprised of three individual PCA models, one model for each capsule strength. The number of PCs and preprocessing for each capsule strength was chosen independently from the other two dosages. Thus the 30 mg dosage model contained three PCs, while the 45 mg and 75 mg dosage models contain two PCs. Each individual PCA model that comprises the SIMCA model is shown in Figure 4 . The results shown in Figure 4 are similar to those shown in Figure 2 for the three principal components containing all the capsule strengths. The validation samples for each dosage were within the 95% confidence limits for their respective models, except for the one 30 mg sample. This sample also was predicted to lie outside the 30 mg distribution for the PCA model comprised of the three dosage strengths (shown in Figure 2 ) and its unassigned prediction is likely due to the overall lower signal-to-noise observed in the Raman spectrum of the sample. Probabilities of the validation samples to be in each dosage class are listed in Table 1 . The last column shows the class predictions which were determined based on the probability that the sample is in any class. A test sample is assigned to a class if its probability is greater than 0.5. As mentioned in the previous section, classes are unassigned for validation samples that have probabilities exceeding 0.5 for multiple classes or if there is no particular class where the 0.5 probability is exceeded. Except for the second 30 mg sample, all validation samples were assigned probabilities exceeding the 0.5 threshold of being in their correct class and zero probability for any other dosage class. Thus, 92% of the validation samples from authentic Tamiflu were correctly classified as belonging to their respective dosage class. The SIMCA model was also able to correctly assign 100% of the simulated counterfeits and other capsule-form drug products as not belonging to any of the three dosage classes for Tamiflu, demonstrating robustness of the classification model. Even the 51%/49% talc/acetaminophen binary mixture, which was predicted to lie within the 95% confidence limit for 45 mg dosage using PCA, was correctly identified as not belonging to any of the authentic Tamiflu classes. 45 mg capsule of talc/acetaminophen 
Conclusion
This study has the potential to transform the way medicines are tested by facilitating high throughput screening of samples before reaching consumers. Currently products typically undergo laboratory testing to meet regulatory product specifications. These tests typically rely on laboratory-based tests for assay, dissolution and impurities. These tests cannot be carried out in the field and, since they require many analyst hours to complete, limit the number of individual samples that can be tested. The results presented here show that portable Raman methods coupled with classification algorithms may be used to identify finished medicines in the field in a non-destructive fashion. By preserving the intact capsule, these methods make it possible to conduct further testing, should it be necessary, to confirm field results by laboratory testing. The classification methods were able to screen through the capsule shell and identify simulated counterfeit samples and those from different capsule-form drugs.
